Introduction
At the present time the first generation of facilities having electron storage rings designed for and dedicated to synchrotron radiation research are beginning operations in the U.S., Europe and Japan. The use of wigglers and undulators as enhanced sources of synchrotron radiation1 plays an important role at all these facilities. Moreover, recently there has been much activity in the design of the next generation machines, which will place even greater, and perhaps exclusive, emphasis on the use of wigglers and undulators. The operation of these insertion devices has been made even more attractive by advances in the design and construction of permanent magnet3 wigglers and undulators. This reliable and economical technology eliminates the need for more complex superconducting magnets, except to achieve very high magnetic fields for the production of hard photons from relatively low energy rings.
It is reasonable to expect that in the coming years the importance of wigglers and undulators in synchrotron radiation research will increase. It is with this in mind that we discuss some of the properties of the radiation from these devices, and some of the considerations which arise in their design and use in storage rings.4 Space limitations prevent us from describing in detail the properties of both wigglers and undulators.
We have, therefore, chosen to emphasize the discussion of undulators, and we have not considered the polarization 6 properties of the radiation. Our emphasis on undulators seems justified since the properties of wiggler radiation7 are describable in terms of the characteristics of synchrotron radiation from arc sources, which are well-known and well-documented. 8 Undulator radiation, on the other hand, although understood long ago by Motz, 9is probably less familiar to most of us.
Our paper is organized as follows: First we review the spectral properties of the radiation, 0 emphasizing the complementary aspects of time-and frequency-domain analyses. We next study the brightness of the undulator source. Finally, we consider some limitations associated with operating an undulator in a storage ring.
Radiated Spectrum
We consider a wiggler magnet located in the straight section of a storage ring, its axis being parallel to the unperturbed electron motion (z-direction). The magnet produces a vertical magnetic field, By, which has a period length XO in the z-direction, and to a good approximation is sinusoidal, 
The magnetic field causes an electron to be deflected in the horizontal plane and we denote this deflection
x. Measured in units of its rest mass, the electron has energy y, and we let po denote the radius of curvature corresponding to the peak field Bo. The angular deflection, x' = dx/dz, of the electron is xI = 6 cos(2irz/X0)
where the maximum angular deflection 6 is given by
and the amplitude of the transverse oscillation is P06 . The magnitude of the electron velocity divid- 
the fundamental wavelength X1 = cT1 can be expressed as x = (x0/2Y2)(1+K2/2) .
If an observer is looking at radiation emitted at polar angle e relative to the z-axis, then the time delay between wavefronts emitted before and after an electron has traversed one period of the magnetic field is T1(O) = X0/ 5*c -X0 cos9/c , (8) as illustrated in Fig. 1 . One should not interpret Fig. 1 . as describing spatial interference, but rather temporal coherence, i.e. a regularity in the time dependence of the electric field. Of f the forward direction the radiation spectrum is comprised of both odd and even harmonics of the fundamental frequency. The fundamental wavelength is X1(e) = (x /2Y )(l+K2/2+y202 ) (9) For a magnet with N periods, the radiated pulse from one electron passing through the device has a time duration of NT1, hence the pulse contains Nk radiation periods at the k th harmonic frequency wk. Consequently, the line width at fixed observation angle e is In the forward direction, radiation from a wiggler is in general characterized by two time scales. The first is the time interval T1 already discussed in Eq. (5), and the second is the time Tc characteristic of synchrotron radiation, T = 4rp /3cy -c o (13) When the magnetic strength parameter K >> 1, then T1 > Tc, and the time dependence of the radiated electric field has the form illustrated in Fig. 2a . For high harmonic number k, the frequency spectrum is characterized by the synchrotron radiation cutoff frequency uc = 27r/Tc.
For a zero-emittance electron beam passing through a wiggler having N periods, the photon flux per unit solid angle emitted in the forward direction at the k th harmonic frequency is When the field strength parameter K 1, then T1 < Tc, and the time scale Tc characteristic of synchrotron radiation drops out of the problem. In this case one usually speaks of undulator radiation. From Eq. (6) it is seen that undulator radiation is produced by devices which have short periods and low fields. For an undulator with K m 1, the time dependence of the electric field in the forward direction has the form illustrated in Fig. 2b . For K < 1, the electric field has almost a purely sinusoidal time dependence and hence the radiated spectrum is dominated by the line at the fundamental frequency w1. When K increases toward unity, the third-harmonic becomes important, corresponding in the time-domain to a sharpening of the peak of the electric field. As K increases toward even higher values, the higher harmonics increase, corresponding to well-defined pulses of width Tc separated by time TI, as in Fig. 2a .
Even for large values of K, however, temporal coherence effects are still significant for the lowest harmonics. 2 for the same bandwidth Aw/w. As an example take N = 100, K = 1, y 5000, then the flux radiated by the undulator is about 240 times that radiated by 1 mrad of the arc source.
The total radiated power from a wiggler or undulator is given by P(kW) = 1.9xlO 9 Ny2K2I(Amp)/X (cm) .
( 2 1 It is interesting to note that Eq. (14) For fixed values of the undulator parameters )0, K, L = NAO, and the ring parameters y and £, the source brightness at wavelength X can be optimized by the choice of S*. Defining the scaled parameters b = S /L and E = £/A, the phase space area of the source can be written
where we have used Eqs. (27) and (28) together with b = a2/eCL. The condition for the function in the square root to be a minimum is found by differentiating with respect to b for fixed E, and we obtain 2b3-b-E = 0.
For E = 1, the optimum value of the betafunction is given by b = 1, hence (EE')min = /3e, slightly larger than the lower bound of 1.5 e which follows from (31). On the other hand, when E >> 1, then the optimum value is b m (E/2)1/3, and the corresponding minimum phase space area is (z')jin = s. In this case, when £ >> , the phase space area ES' is a slowly varying function of S in the neighborhood of the minimum. This weak dependence on S is demonstrated by noting that:
We conclude that the brightness is quite insensitive to the value of S when B lies in the interval x,y x,y +(2+a ) L2
The When an undulator is operated in an insertion having S /L X IA, the radiated wavelength is x,y
x,y correlated with observation angle, as described in Eq. (9) . The bandwidth AX/A is on the order of that given in Eq. (10) , and hence certain experiments not requiring very narrow bandwidths can benefit from the elimination of the need for a monochromator. On the other hand, when one operates the undulator in an insertion having smaller Sx , such that the angular spread in the electron beam is on the order of 1/y, then the radiated-wavelength is not correlated with observation angle. The spectrum seen by an observer accepting radiation into only a very small solid angle will be proportional to a partially angle-integrated spectrum, since the spread in directions of the (34) average velocity vectors of the different electrons produces essentially the same effect as does a spread in observation angles. One can still take advantage of the high brightness by using a monochromator. For a given machine, the emittances depend quadratically on energy, ex -y2, so at the cost of softening the radiation the brightness can be increased by operating at lower energy. Since the phot ?n energy from an undulator is proportional to y /0,, the only way to obtain hard photons a 6 smaller y is to reduce the undulator period. 
